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EXCITAT ION OF  NEGATIVE  PARITY  STATES ( 1 - ,  3 - ,  T = 0) IN 
160 IN INELAST IC  ALPHA SCATTERING 
M.N. HARAKEH, J.R. COMFORT* and A. Van der WOUDE 
Kernfysisch Versneller Instituut, Rijksuniversiteit Groningen, The Netherlands 
Received 31 March 1976 
The rather strong excitation of the E x = 7.12 MeV 1 -, T = 0 state in 160 by inelastic a-particle scattering, which is 
forbidden in the long wavelength approximation, can be explained by a DWBA calculation using a microscopic form- 
factor generated in the framework of a lp-lh model with lhw excitation. 
Recently, there has been considerable theoretical 
and experimental interest [1 -3]  in isospin forbidden 
AT = 0, electric dipole (El)  transitions in self-conjugate 
nuclei and in particular .in the transition between the 
ground state and the 1 - (T  = 0), 7.12 MeV state in 
160. The 3'-decay of this level is strictly forbidden in 
the long-range wavelength approximation. It can only 
proceed through T = 1 admixtures in the wave func- 
tions of either or both the excited state and the ground 
state and through higher-order terms in the expansion 
of the E1 operator. Both effects have been shown [2] 
to contribute to the 7-decay transition rate of this 
level and to its excitation in electron scattering [3]. 
In inelastic a-particle scattering the excitation of 
1 - ,  T = 0 states cannot proceed through isospin admix- 
tures in either the ground state or the excited 1-  
states due to the isoscalar nature of the a-target inter- 
action. Moreover, in inelastic a-particle scattering, 
the mass transition operator can be shown [4] to be 
the same as the isoscalar, spin independent EM transi- 
tion operator in the limit of PWBA if one assumes a
8-function for the a-nucleon interaction. This would 
imply that in this approximation only second and 
higher order terms will contribute to the excitation of 
these states in self-conjugate nuclei and thus that they 
are also weakly excited in inelastic a-particle scattering. 
Yet in a recent inelastic a-particle scattering experi- 
ment a tE  a = 104 MeV on 160 we found that the 1- ,  
T = 0 level at E x = 7.12 MeV was rather strongly 
excited. Another known 1 - ,  T = 0 level at E x = 12.44 
MeV was excited much weaker. 
* Present address: Phys. Dept., Indiana University, Bloomington 
Indiana 47401, USA. 
It is known [5] that by using distorted waves and 
a finite range a-nucleon interaction one modifies the 
radial dependence of the mass transition operator. This 
is especially important for 1-,  T = 0 excitation. Besides, 
the shape of the angular distribution depends on the 
detailed shape of the form factor which in turn depends 
on the a-nucleon interaction. In this letter we will show 
that the excitation of the 1-, T = 0 state at 7.12 MeV 
and of a few 3 - ,  T = 0 states in inelastic a-particle 
scattering can be understood in the framework of 
present DWBA theory where the form factors are 
generated by using microscopic wave functions of 
lp- lh ( l~w) for these states and an a-nucleon inter- 
action of Gaussian form whose parameters are obtained 
by fitting the angular distribution of the strongly 
excited 3- ,  T = 0 state at 6.13 MeV. 
The 160(a, a')160 experiment was performed using 
a 104 MeV analysed a-particle beam from the K.V.I. 
cyclotron to bombard an 160 gas target. The energy 
resolution obtained for the scattered a-particles was 
between 150 and 200 keV, good enough to resolve the 
2 +, 6.92 MeV and the 1- ,  7.12 MeV states in 160. For 
more experimental detail, see ref. [6]. The states con- 
sidered here are the 3 - ,  1- ,  0 + and 1-  states at 6.13, 
7.12, 12.05 and 12.44 MeV, respectively, and the 
states at 15.41 and 19.0 MeV, which as will be shown 
can be well described by l = 3 transfer. The experi- 
mental angular distributions for the transitions to 
these states are shown in figs. 1 and 2. The line are, 
except for the dotted and dashed-dotted lines through 
the 0 + state, the results of DWBA calculations using 
microscopic form factors to be discussed presently. 
DWBA calculations were performed using the pro- 
gram [7] DWUCK IV. The distorted waves were 
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Fig. 1. Experimental and theoretical angular distributions for 
the states at 6.13, 15.41 and 19.0 MeV. To obtain agood fit 
to the data for the 3-,  6.13 MeV state a ~/of 0.45 fm -~ is 
found necessary (see text for more discussion). The theoretical 
angular distributions obtained, assuming 3, = 0.45 fm -~, indi- 
cateJ  n = 3-  for the states at 15.41 and 19.0 MeV. The dotted 
and dashed-dotted curves through the data of the 15.41 MeV 
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Fig. 2. Experimental and theoretical angular distributions for 
the 1-, T = 0 states at 7.12 and 12.44 MeV and for the 0 ÷ 
state at 12.05 MeV. See text for discussion on the theoretical 
curves. 
generated using the opt ical  potent ia l  parameters set 
given in the usual notat ion  by V = 89 MeV, W= 14.4 
MeV, r R = 1.46 fm, a R = 0 .69  fro, r I = 1.92 fm and 
a I = 0.4  fm,  wh ich  set was found [6] to fit best the 
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elastic a-part icle scattering data at Ea = 104 MeV. The 
form factor Fl(ra) is given by 
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Table 1 
Wave functions of Gillet and Vinh-Mau [9] for predicted jTr, 
T = 3-, 0 states in a lp-lh model of lh~o excitation. The 
phases used here reflect he relative phases of the components 
of the form factor for the state in question. In the last column, 
the strengths of the projectile-nucleon interaction, Vo, needed 
to fit the magnitudes of the cross sections for the observed 3- 
states are listed. 
E x amplitudes Vo 
(MeV) lp.]~ 2 lds/2 lp312 lds/2 lp_31/2 ld3/2 (MeV) 
6.25 0.942 0.351 0.286 198 
15.1 0.388 -0.878 -0.294 275 
20.1 -0.127 -0.360 0.927 164 
where ~i (~f) is the initial (final) state of the nucleus, 
Vl(r ~, rk) is the lth term in the multipole expansion of 
the projectile-nucleon interaction and the sum is over 
all the nucleons of  the target nucleus. 
We assume that the 0 + ground state of 160 is a 
closed core and that the 1- and 3 -  states are well 
described in the framework of a lp- lh model with a 
lheo excitation. The single-particle (hole) wave func- 
tions were generated in a Woods-Saxon potential 
with r = 1.3 fm and a diffuseness a = 0.7. The depths 
of the potentials were chosen to reproduce the binding 
energies which for the holes were the experimental 
binding energies (Eh) of 150. The particle binding 
energy Ep was taken to be Ep = E x + E h, where E x is 
the excitation energy of the state in question. In those 
cases where the particle binding energy was positive, 
the particle was arbitrarily assumed to be bound by 
0.2 MeV. 
In this model space the 3 -  states can only have 
three components: (lp]-/1 ld5/2), (lp~-/1 1d5/2) and 
(lp~/1 ld3/2). Since the shapes of the form factors 
obtained for all these components are very similar, it 
is obvious that the shape of the form factor for any 
3 -  state in this lp- lh model is, to a large extent, indep- 
endent of the detailed wave function. For the projectile- 
nucleon interaction we take the commonly used [8] 
Gaussian form 
V( I r - ra l )  = V 0 exp(-3 ' ( r - r~)2) .  
The parameters V 0 and 3' are considered as free param- 
eters; V 0 is an overall normalization factor but 3' will, 
to a large extent, determine the shape of the form factor 
and thus of the calculated angular distribution. It is 
determined by fitting the strongly excited 3 -  state at 
6.13 MeV. This is illustrated in fig. 1, where for two 
values of 3' the calculated angular distribution is shown 
together with the data. It is clear that with the usual 
[8] value 3' = 0.277 fm -2 the predicted (dotted line) 
and observed angular distributions are out of phase. 
The solid line is obtained with 3' = 0.45 fm -2. Using 
the Gillet and Vinh-Mau [9] wave function for the 3 -  
state (see table 1) we obtain the normalization factor 
V 0 = 198 MeV. Changing the parameters of the Woods-  
Saxon well in which the bound-state wave functions 
are generated to r = 1.25 and a = 0.65 fm, mainly affects 
affects the normalization constant V 0. The shape of 
the angular distribution is very little affected. In the 
following calculations we will use 3' = 0.45 fm -2. We 
repeated these calculations for the states at 15.41 and 
19.0 MeV, using the wave functions of the 3 -  states 
predicted [9] at 15.1 and 20.1 MeV (see table 1), res- 
pectively. 
The results are shown as solid lines in fig. 1. The 
19.0 MeV states is fitted very well, while for the 15.41 
MeV state, l = 3 gives a better overall fit than l = 1 and 
! = 0 (to be described later) especially at forward angles. 
This gives strong evidence for jTr = 3 -  assignments o 
the states at 15.41 MeV (in agreement with ref. [10]) 
and 19.0 MeV. The fact that V 0, as given in table 1, is 
of the same order of magnitude for all the 3 -  states, 
indicates that the wave functions used are approxi- 
mately correct. 
In the model described above, the I -  (T = 0) states 
1 1 have five components: (lp]-/2 ld3/2), (lP~/2 ld5/2), 
(lp~/1 ld3/2), (1 pi-/1 2Sl/2) and (1 p~-/1 2Sl/2). The 
form factors for the (1 p-1 1 d) transitions have similar 
shapes and approximately equal magnitudes except 
for the (lp~/!. ld3/2) form factor which is smaller by a 
factor of 3.6 in magnitude than the (1 p]-/1 ld3/2) form 
factor. The form factors for ( lp -1 2s) are also similar 
in shape and about equal in magnitude but differ appre- 
ciably in shape from the ( lp -1 ld) form factors. Thus 
for the sake of determining the shape of the angular 
distribution, we can describe the 1-  (T = 0) states with 
two components: ~k(1 - )  = a(1 p -  1 1 d ) -  b(1 p -  1 2s). 
In fig. 2, the angular distributions obtained with 
DWBA using microscopic wave functions for l = 1 
transfer to the 7.12 MeV state are shown for different 
values of a and b. The calculated angular distribution 
is found to be extremely sensitive to small variations 
in the amplitudes of the components of the wave func- 
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tion. The best fit is obtained with a = 0.38 and b = 
0.925. These values are in remarkably good agreement 
with the wave function obtained for the 1 - ,  7.12 MeV 
state in a harmonic oscillator basis, and also with the 
wave function of Elliot and Flowers [11 ]. In both 
wave functions the spurious tate has been eliminated, 
such that by using the wave function of Elliot and 
Flowers we are assured that no contribution of the 
c.m. motion is included in V 0. The normalization 
factor V 0 = 208 MeV, so obtained, is in excellent 
agreement with the value obtained for the 3 - ,  6.13 
MeV state. 
The data for the 12.44 MeV, 1-  state are not accu- 
rate, since this state is weakly excited. Nevertheless, 
the calculated curve (see fig. 2) obtained with a = 
0.25 and b = 0.968 seems to fit the angular behaviour 
of the data rather well. The curve drawn through the 
data for the 15.41 MeV state, in fig. 1, was obtained 
with a = 0.05, b = 0.998, which gave the best fit to 
the 15.41 MeV state for l = 1 but it is still found not to 
fit the data for the 15.41 MeV state in the forward 
angular ange. 
For the 0 + state at 12.05 MeV we use the lp - lh  
model with 2~ excitation. A DWBA calculation was 
performed using the wave function of Vinh-Mau and 
Brown [ 12]. The so obtained angular distribution 
(solid line in fig. 3) fits the behaviour of the data 
rather well. Using the collective form factor descrip- 
tion of Satchler [13] (version I) for the monopole 
excitations, DWBA calculations were performed using 
the optical model parameter set listed above as well as 
another parameter set [6] [V = 116 MeV, W = 19.9 
MeV, r R = 1.82 fm, a R = 0.39 fm, r I --- 1.93 fm and 
a I = 0.18 fm]. The results hown as dashed-dotted 
and dashed lines in fig. 2, reproduce the angular 
behaviour of the data of the 0 ÷, 12.05 MeV state in 
the forward angular ange and agree there with the 
angular distribution obtained with the microscopic 
form factor. 
In conclusion, the excitation of the 1 - ,  T = 0 state 
at 7.12 MeV in 160 by inelastic a-particle scattering 
now seems to be well understood. Besides, it provides 
a sensitive test for the predicted wave functions due 
to the sensitivity of the form factor to the various 
components entering into the wave function. This 
procedure is expected to be very successful in light 
self-conjugate nuclei, if the wave functions of the 1 - 
states consist of few components. The fact that a 7" of 
0.45 fm -2 instead of the usual value of 0.277 fm -2 
is found necessary to get good fits for the 3 -  states 
and for the 1 -  state at 7.12 MeV is not well under- 
stood. However, with 3' = 0.45 fm -2 and V 0 ~ 200 
MeV (see table 1) we obtain V07 -3 ~ 2.3 X 103 MeV 
fm 6 which is in the range of (1 .8 -2 .6 )  X 103 MeV 
fm 6. This relation is found [14] to hold for all a 
nucleon potentials that give results in reasonable agree- 
ment with the data for a range of nuclei. 
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